Conclusions
Statins (or 3-hydroxy-3-methylglutaryl coenzyme A reductase inhibitors) are among the most prescribed drugs in the United States for the management of dyslipidemia, atherosclerosis, and cardiovascular event risk reduction. Recent published results of the JUPITER (Justification for the Use of Statins in Primary Prevention: An Intervention Trial Evaluating Rosuvastatin) (1) has further fueled the debate about the value of expanding indications for statin therapy to lower risk individuals to reduce their relative risk of cardiovascular disease (2) . Available analyses (3, 4) assume that statin therapy is well tolerated and safe, even with long-term use, but the evidence acquired so far is limited by several factors: the number and characteristics of the subjects studied, relatively short follow-up period, and constraints of patient selection and rigid treatment protocols typical of randomized, controlled trials.
For more than a decade, the scientific debate about the association of statins with cancer has been unsettled (5) (6) (7) (8) (9) (10) (11) (12) (13) (14) (15) (16) (17) (18) . Recently, this debate was rekindled with the high-profile publication of 2 studies of a new lipid-lowering agent, ezetimibe, in combination with a statin. The first study, the SEAS (Simvastatin and Ezetimibe in Aortic Stenosis) trial (19) , a randomized, placebo-controlled study of safety in 1,873 patients with a median follow-up of 52.2 months, reported that cancer occurred significantly more frequently in the treatment group (relative risk 95% confidence interval [CI]: 1.13 to 2.12). The other study (20) , a hypothesistesting meta-analysis of cancer data from more than 20,617 patients in 2 large ongoing trials of the same regimen: SHARP (Study of Heart and Renal Protection) and IMPROVE-IT (Improved Reduction of Outcomes: Vytorin Efficacy International Trial), came to the opposite conclusion, namely, that these trials do not provide evidence of an association between lipid-lowering drugs and cancer. Meta-analyses of the 2 ongoing trials yielded a risk ratio of 0.96 (95% CI: 0.82 to 1.12) , and of all 3 of the aforementioned trials, a risk ratio of 1.06 (95% CI: 0.92 to 1.22) . It is extremely important to answer this question unambiguously because statins (with or without ezetimibe) are widely prescribed throughout the world. More definitive studies, particularly real-world observational studies involving more patient data with longer follow-up, are clearly needed.
Toward this end, we performed a retrospective cohort analysis of the incidence of cancer in older adults according to their use of statins. Analyzable patient records were drawn from the General Electric (GE) Centricity database, a large commercial electronic medical records (EMR) system, used by more than 20,000 clinicians for the management of medical records of more than 30 million patients throughout the United States (21) . This nationally representative database of anonymized longitudinal medical records contains many clinical and demographic variables and allows patients' clinical conditions to be tracked over time.
Propensity score methods were used to develop matched comparison groups of patients taking a statin and those not taking a statin. This report presents our findings regarding the incidence of cancer in these matched groups.
Methods
The primary objective of the study was to determine whether cancer can be attributed to the use of statins among a general population of older U.S. adults with at least 3 years of follow-up. Study design and patients. We analyzed records from the GE Centricity EMR database. The a priori protocol and statistical analysis plan were reviewed by a central institutional review board, and an informed consent exemption was obtained. Patient records had to contain a valid patient age and documented activity dates between January 1, 1990, and February 28, 2009 , to be included in the analyzable dataset.
For patients in the database up to February 2009, it was determined whether they had ever received statin therapy. Time zero was defined as the point at which patients began to take statins or, if never on statins, the date of the first recorded low-density lipoprotein (LDL) or total cholesterol level in the database.
For those with sufficient medication history, men 45 years of age and older and women 55 years of age and older at time zero were selected, with the age cutoff based on the SHAPE (Screening for Heart Attack Prevention and Education) Task Force report (22) . Patients were excluded if they had insufficient history in the database, defined for statin users as Ͻ1 year before the start of medication or Ͻ2 years after the start date and for those not taking a statin, Ͻ3 years of history in the database, younger than the age cutoffs at the start of medication or at time zero, and any patients with a diagnosis of cancer before medication or time zero. The remaining patients were treated as a cohort for analysis. Outcomes. The primary outcome was diagnosis of any type of cancer recorded in the medical record after time zero. Calculation of propensity scores. Propensity scores for receipt of statins were calculated for each of the patients included in the analysis based on a nonparsimonious multivariable logistic regression model (23) . Due to the poor reporting of body mass index (BMI) and very low density lipoprotein (VLDL), we imputed values for these measurements before time zero based on age-and sex-specific means. There were matches on 35 characteristics (see Online Table 1 for complete listings of all variables). Characteristics hypothesized to be associated with statin use included smoking status, age, time in the database, calendar time, sex, race, concomitant diagnoses, medications taken before time zero or statin initiation, total cholesterol, VLDL, low-density lipoprotein (LDL), triglycerides, the number of office visits before time zero or statin initiation, record of Pap or prostate-specific antigen test, and BMI. Propensity score matching. The goal of the propensity matching was to find pairs of patients taking and not taking a statin who shared similar propensities for statin use based on the matching variables. A SAS version 9.1 (SAS Institute, Cary, North Carolina) macro was created to use nearest-neighbor matching on the estimated propensity scores to choose matches for the statin patients (24) . We randomly ordered patients taking and those not taking a statin and then chose the patients not taking a statin with the propensity score closest to the first patient taking a statin. We matched the propensity scores to 3 decimal places. Both patients were then removed from the pool of patients available for matching. This procedure was repeated for each patient taking a statin (25) . We chose a stringent (conservative) stopping rule to control as much as possible for confounding in these observational data. Assessment of residual bias. Differences in the distribution of patient characteristics were assessed before and after matching. We used independent-sample tests for the descriptive statistics before matching and paired-sample tests after matching. Statistical analysis. To assess the extent to which propensity matching reduced confounders, the distribution of several variables were compared before and after matching, taking into consideration sex, age, race, smoking status, In the multivariable Cox regression, there was adjustment for propensity score, as well as other covariates, to control for any residual confounding; however, the propensity score was nonsignificant in the final model (Online Table 2 ). Covariates included in the Cox regression model were all variables included in the propensity model (including flags for imputed BMI and VLDL); concomitant diagnoses (e.g., chronic obstructive pulmonary disease) before time zero; use of various medications (tumor necrosis factor alpha inhibitors, immunosuppressants, glucocorticoids, omega-3, acetylsalicylic acid, hormones, or nonsteroidal anti-inflammatory drugs) before time zero; and metabolic measurements (LDL, VLDL, total cholesterol, triglycerides, BMI). In addition, the definition of a diagnosis of a condition before time zero was adjusted to include persons on condition-specific medication for diabetes, hypertension, peripheral vascular disease, and ischemic heart disease. For example, the use of sulfonylureas or insulin was used as a surrogate for a diagnosis of diabetes mellitus. Interactions were formally tested by entering interaction terms between statin use and the main predictor variables, adjusting for propensity to use statins. Only 2 interaction terms were statistically significant: acetylsalicylic acid-statins and hormones-statins. However, these 2 interaction terms did not substantially alter the findings; therefore, no interaction terms were included in the final model. All data analyses were performed using SAS version 9.1 (proc logistic for generating propensity scores, proc lifetest for generating Kaplan-Meier curves, proc SQL for generating plots, and proc freq, proc means, proc ttest, and proc sort for descriptive statistics and significance testing).
Results

Patient attrition and characteristics. As of February 2009
, the database contained information on 11,196,881 patients, of whom 1,191,822 (10.6%) had ever used a statin. After exclusion of patients with insufficient history, age outside the target range, or diagnosis of cancer before time zero, 203,763 patients on medication and 159,004 patients never on medication remained for analysis (Fig. 1) . The use of these variables for exclusion was required to eliminate possible confounding influences and adhere to age guidelines. Patients taking a statin differed from those not taking a statin for most characteristics before matching (Table 1) . Specifically, before matching, statin users were older with higher comorbidity burden and concomitant medication use compared with those not taking a statin. After matching, all baseline covariates were well balanced between the 2 groups, as shown by nearly identical frequencies in those patients taking a statin and those not taking a statin ( Table 3 ). The multivariate-matched Cox regression analysis showed a nonsignificant hazard ratio of 1.04 (95% CI: 0.99 to 1.09) (Online Table 2 ). Similarly, Kaplan-Meier curves for diagnosis of any cancer up to 10 years showed no difference for patients taking a statin and those not taking a statin (data not shown). Interactions of statins with clinically relevant covariates were significant only for acetylsalicylic acid and hormones. As expected, colinearity was apparent for LDL and total cholesterol. This did not invalidate any results because the objective was to assess the overall association between statin use and cancer and not to interpret the coefficients of the covariates.
Discussion
This retrospective database analysis of a general population of 45,857 matched pairs of patients with an average of 4.6 years of follow-up after time zero revealed no statistically significant association of statins with cancer. Results are consistent with the fact that a plausible biological mechanism to implicate statins as causative agents in cancer has never been demonstrated. In fact, numerous preclinical studies have supported the potential anticancer activity of these compounds, providing evidence of their antiproliferative, proapoptotic, anti-invasive, and radiosensitizing properties (26 -28) . In this analysis, the distributions of cancer types seen in both groups were comparable. Cancer is a multifactorial disease, and if statins were truly associated with an increase in cancer, we would have expected to see an increase in at least 1 type of cancer, as is typically seen with toxin-related neoplasms.
Most importantly, there are ample clinical trial data in the literature to refute a statin association with cancer. In 2005, the Cholesterol Treatment Trialists published a metaanalysis of 14 randomized trials of statins involving more than 90,000 patients, with a pooled risk ratio for cancer after randomization of 1.0 (95% CI: 0.95 to 1.04) (29) . More recently, Alsheikh-Ali et al. (8) reported a Bayesian metaanalysis of 15 randomized trials of statins with more than 437,000 patients. Adjusting for LDL levels, they reported an incidence rate ratio of 1.02 (95% CI: 0.95 to 1.10), and concluded that statins have no effect on cancer risk at all LDL levels. Furthermore, in a recent synthesis of multiple studies using real-world data, Taylor et al. (30) reported a meta-analysis of 20 case-control trials of more than 100,000 cancer cases and more than 3.4 million controls. They computed an odds ratio of 0.71 (95% CI: 0.56 to 0.89) for any cancer, suggesting a protective effect of statins. Clearly, the weight of clinical evidence to date supports these findings showing no significant association between statin use and incidence of cancer.
Historically, the use of observational data to help answer clinical questions has been limited by the available datasets, chiefly administrative claims data, which are better suited for use and costs studies. Yet with the increasing uptake of EMRs by healthcare providers, and their resulting databases of large numbers of patients with clinically rich, longitudinal data, interest is greater than ever in using these datasets to help answer clinical questions. Witness the U.S. Food and methods are increasingly used to provide comparison of groups that are balanced with regard to important determinants of exposure to the intervention of interest. Our matching process created pairs with propensity scores within 4 decimal places and has thus provided extremely well-matched comparison groups. Although residual confounding cannot be excluded, we are fairly confident that our cancer results are not being obscured by unmeasured confounders. New EMR technologies are enabling powerful statistical evaluations of what would be considered huge databases from the perspective of the clinical trialist. Indeed, it is from the impressively large numbers of the GE Centricity EMR database that the strength of the current study's findings emerges. Nevertheless, we recognize 3 potential limitations of this approach. Study limitations. First, propensity scoring methods may not completely eliminate bias that is due to unmeasured or hidden covariates (35) . There is the possibility that the comparison groups may differ as an artifact of the method used to assign patients to treatment groups. Specifically, control group patients could never be prescribed statins for the duration of their observation interval, but statin group patients could be assigned to the statin group on the basis of a single statin prescription decision, regardless of their subsequent medication adherence or duration of use. Further, the propensity match itself results in further winnowing of the data from 159,004 potential pairs to 45,857 analyzable pairs. This stringent restriction was necessary because any result based on the full dataset of 159,004 pairs could easily be attributed to confounding. We imputed values for 2 variables (BMI and VLDL) before time zero to increase the sample size available for the match; however, we adopted a conservative approach by including flags for these in our Cox regression.
Second, in fitting the model for propensity matching, we were forced to omit data for records missing those variables. We used variables for elimination that were clearly associated with confounding (age outside the target range, insufficient history, or pre-existing diagnosis of cancer). Although this requirement resulted in substantial winnowing of the data (retention of 17.1% of patients on medication and 1.6% of patients never on medication), this restriction of data is necessary to control for confounding in observational data. Recognizing that the requirement for complete data may create some bias in the results, the distribution of known variables for the group taking a statin and the group not taking a statin were analyzed and found to be similar.
Third, these results may not be generalizable to the overall population of U.S. adults taking statins. Although the population of adults in the GE database is representative of the U.S. population, the representativeness of the matched cohorts is restricted due to the database winnowing inherent in the analysis. The results of the analysis may be Continued Values shown are n, n (%), or mean Ϯ SD. *p values for the UNMATCHED data were done using t-tests for independent samples or chi-square, but for the MATCHED data paired t-tests and McNemar tests were used. Unmatched tests were used for comparisons before matching and matched tests were used for comparisons after matching. ASA ϭ acetylsalicylic acid; BMI ϭ body mass index; COPD ϭ chronic obstructive pulmonary disease; COX ϭ cyclooxygenase; LDL ϭ low-density lipoprotein; NSAID ϭ nonsteroidal anti-inflammatory drug; PSA ϭ prostate-specific antigen; TNF ϭ tumor necrosis factor; VLDL ϭ very low density lipoprotein. safely extrapolated only to others in the general population who match the characteristics of our study groups. On the basis of these findings, further exploratory analyses of this and other EMR databases are recommended to assess whether our findings might differ by type of statin because not all statins are the same in terms of chemical properties and potency. In addition, combination products, particularly with ezetimibe, should be assessed. Adherence to statins in relation to any cancer associations would also be of interest and could perhaps be assessed by modifying techniques initially developed for application to claims datasets (36) . Duration of statin use could also be assessed in this context. Last, it would be of interest to use the GE Centricity database to further investigate LDL levels and cancer risk, especially because the treatment targets for serum lipids are set even lower (37) to levels (e.g., LDL Ͻ100 mg/dl) that have been implicated in previous cancer association studies (18,38 -40) .
Cancer and Statin Use
Conclusions
This EMR database analysis of more than 91,000 U.S. adults with complete clinical datasets who were propensity matched with an average of 4.6 years of follow-up, demonstrated no statistically significant increased risk of cancer associated with statins.
